Introduction {#s1}
============

Gastric cancer is a leading cause of cancer-related death [@pone.0060914-Parkin1]. The global incidence of gastric cancer was estimated to be 934,000 cases in 2002; 56% of new cases occurred in East Asia, 11% of which were in Japan [@pone.0060914-Inoue1]. Despite recent advances in combination chemotherapies [@pone.0060914-Koizumi1], the outcome of unresectable gastric cancer remains poor, and new treatments, including molecularly targeted therapies, are urgently needed. Mutations and amplifications of certain kinases have been reported to be associated with human gastric carcinogenesis [@pone.0060914-Lin1]. Nevertheless, trastuzumab, a monoclonal antibody that acts on the HER2/neu (erbB2) receptor, is currently the only molecularly targeted drug that is used against gastric cancer [@pone.0060914-Bang1].

Interleukin-6 (IL-6) is a pleiotropic cytokine involved in tumor initiation, promotion, and progression [@pone.0060914-Hong1]. IL-6 has been reported to be indispensable for oncogene-induced cell transformation and tumorigenesis, indicating the importance of IL-6 in tumor initiation [@pone.0060914-Ancrile1], [@pone.0060914-Iliopoulos1]. IL-6 deficiency has attenuated tumor development in a colitis-associated carcinogenesis model, demonstrating its role in inflammation-associated tumor promotion [@pone.0060914-Grivennikov1], [@pone.0060914-Bollrath1]. IL-6 has also been reported to influence invasiveness and metastasis in various experimental models, suggesting its involvement in cancer progression [@pone.0060914-Tang1], [@pone.0060914-Lin2], [@pone.0060914-Walter1], [@pone.0060914-Yadav1], [@pone.0060914-Maeda1].

Previous studies have suggested that IL-6 functions as a tumor-promoting factor in gastric cancer. Several studies examining IL-6 expression in human gastric cancer tissues showed that IL-6 expression was positively correlated with vascular endothelial growth factor (VEGF) expression, as well as tumor vascularity and histological grade [@pone.0060914-Lee1], [@pone.0060914-Huang1]. Other studies analyzing serum IL-6 levels in patients with gastric cancer revealed that a higher serum IL-6 level was an independent predictor of poor prognosis [@pone.0060914-Liao1], [@pone.0060914-Ashizawa1]. However, the appropriate implementation of IL-6--targeted therapies requires further investigation of the mechanism underlying this association.

The roles of cancer-associated fibroblasts (CAFs) have been vigorously investigated in recent years. CAFs have been reported to promote tumor growth and invasion by inducing angiogenesis and changes in the extracellular matrix [@pone.0060914-Kalluri1]. Most recently, IL-6 was revealed to be an important mediator in the interaction between tumor cells and CAFs in various experimental models, including a skin carcinogenesis mouse model [@pone.0060914-Erez1], a co-cultivation system of human prostate epithelial cells and fibroblasts [@pone.0060914-Paland1], and inflammation-induced gastric cancer mouse models [@pone.0060914-Quante1].

To elucidate the role of IL-6 in gastric cancer, we examined IL-6 expression in human gastric cancer tissues. We also compared IL-6 knockout (IL-6^−/−^) mice with wild-type (WT) mice in a mouse model of chemically induced gastric tumorigenesis. Because these experiments showed that stromal fibroblasts expressed IL-6 in gastric cancer, we used primary human gastric fibroblasts *in vitro* to examine the role of IL-6 in epithelial--stromal interaction. We demonstrated that fibroblasts produced IL-6 in response to gastric cancer cells through IL-1 signaling, and that IL-6 promoted tumor growth through STAT3 activation.

Materials and Methods {#s2}
=====================

Clinical Specimens {#s2a}
------------------

Gastric cancer specimens were obtained from the archives of Tokyo University Hospital (Tokyo, Japan) and Motojima General Hospital (Gumma, Japan) with the approval of the Ethics Committee of Graduate School of Medicine, the University of Tokyo or the Ethical Committee of Motojima General Hospital, and the acquisition of written informed consent from each patient.

Cells and Reagents {#s2b}
------------------

Human cancer cell lines (SH101, AGS, NUGC4, MKN45, MKN74, and TMK1) were cultured in Ham's F-12 medium, Dulbecco's minimal essential medium (DMEM), or Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum (FBS). MKN45 and MKN74 were obtained from the Riken Gene Bank (Tsukuba, Japan). AGS was obtained from American Type Culture Collection (Manassas, VA). NUGC4 was obtained from the Cell Resource Center for Biomedical Research (Tohoku.University, Sendai, Japan). SH101 and TMK1 were provided by Dr. Tahara (Hiroshima University, Hiroshima, Japan) [@pone.0060914-Nishiyama1], [@pone.0060914-Ochiai1]. Human gastric fibroblasts were isolated from adult human stomach specimens and cultured as described previously [@pone.0060914-Takahashi1]. To verify the purity of the fibroblasts, we performed immunostaining of αSMA in the fibroblasts, showing all of the cells were positively stained with αSMA. Cell numbers were determined using a cell counting kit according to the manufacturer's protocol (Dojindo Laboratories, Kumamoto, Japan).

We used recombinant human IL-6 (PeproTech Inc., Rocky Hill, NJ, USA), recombinant human IL-1 receptor antagonist (RA; R&D Systems Inc., Minneapolis, MN, USA), the Janus-activated kinase (JAK) inhibitor pyridone 6 (P6; Calbiochem, Darmstadt, Germany), and anti--tumor necrosis factor (TNF)-α neutralizing antibody (Remicade®; Centocor/Mitsubishi Tanabe Pharma, Osaka, Japan). Neutralizing anti-IL-6 receptor antibody (MRA) was kindly provided by Chugai [@pone.0060914-Maeda1].

Preparation and Stimulation of Fibroblasts {#s2c}
------------------------------------------

Cancer cells were seeded and cultured in growth media containing 10% FBS for 24 h. After the cells were cultured in serum-free media for another 24 h, the supernatants were collected for enzyme-linked immunosorbent assay (ELISA) or other analyses.

Fibroblasts were seeded in 24-well plates and cultured in growth media containing 10% serum for 24 h. After the cells were treated with standard media or cancer cell--conditioned media for another 24 h, the supernatants were collected for ELISA analyses.

Small Interfering RNA, Transfection, and Reagents {#s2d}
-------------------------------------------------

RNA oligonucleotides were synthesized by Dharmacon, Inc. (Boulder, CO). All small interfering RNA (siRNA) transfections were performed with LipofectAMINE 2000 (Invitrogen Life Technologies, Carlsbad, CA).

*In Vitro* Coculture of Gastric Cancer Cells and Fibroblasts {#s2e}
------------------------------------------------------------

For indirect co-culture experiments, gastric cancer cells were seeded in 24-well plates and cultured in growth media containing 10% serum for 24 h. After the cells were co-cultured with fibroblasts using transwell culturing inserts (BD Biosciences) with or without anti-IL-6 receptor antibody for another 24 h, cell lysates of gastric cancer cells were collected for analyses.

Animal Experiments {#s2f}
------------------

IL-6^−/−^ mice (Jackson Laboratories, Bar Harbor, ME, USA) and C57BL/6 WT mice (Clea Japan, Tokyo, Japan) were used. All experimental protocols were approved by the Ethics Committee for Animal Experimentation at the Graduate School of Medicine, the University of Tokyo or the Ethics Committee of the Institute for Adult Diseases, Asahi Life Foundation, Tokyo, Japan and conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the Department of Medicine, the University of Tokyo, and the Institute for Adult Diseases, Asahi Life Foundation, Tokyo, Japan.

For the gastric tumorigenesis model, 6-week-old WT and IL-6^−/−^ mice were given drinking water containing 240 ppm of N-methyl-N-nitrosourea (MNU; Sigma, St. Louis, MO, USA) in alternate weeks for a total of 5 weeks, as described previously [@pone.0060914-Hayakawa1]. Forty weeks after starting MNU administration, the stomach was removed from each mouse and the number and largest diameters of tumors were measured as described previously [@pone.0060914-Hayakawa1].

Immunoblotting and Immunohistochemistry {#s2g}
---------------------------------------

Immunoblotting and immunohistochemistry were performed as described previously [@pone.0060914-Hayakawa1]. The antibodies used were anti-STAT3, anti-phospho-STAT3, anti-phospho-IκBα, anti-phospho-JNK, anti-phospho-p38 (all from Cell Signaling, Boston, MA, USA), anti-IκBα (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-β-actin (Sigma), anti-IL-6, (Abcam, Cambridge, UK), anti-CD11b (Abcam), anti-α-smooth muscle actin (αSMA) (DAKO Japan, Tokyo, Japan), and anti-CD68 (DAKO Japan). For immunofluorescence, the sections were incubated with primary antibodies, followed by secondary Alexa488 and Alexa555 immunoglobulin G (IgG) antibodies (Invitrogen, Carlsbad, CA, USA).

ELISA {#s2h}
-----

The concentrations of IL-6, IL-1α, and IL-1β in the culture supernatants and the tissue lysates were measured using ELISA kits according to the manufacturer's instructions (R&D Systems Inc.).

Quantitative Real-Time Polymerase Chain Reaction Analysis {#s2i}
---------------------------------------------------------

Quantitative real-time polymerase chain reaction (qRT-PCR) assays were performed to measure IL-1α or IL-6 mRNA using an ABI PRISM 7000 Quantitative PCR system (Applied Biosystems, Foster City, CA, USA). Each sample was examined in triplicate, and the amount of product was normalized in relation to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primer sequences are available on request.

Statistical Analysis {#s2j}
--------------------

Data are expressed as means ± standard deviations (SD). Differences were analyzed by Student's *t*-test. *P*\<0.05 was deemed to indicate statistical significance.

Results {#s3}
=======

Stromal Fibroblasts Express IL-6 in Gastric Cancer {#s3a}
--------------------------------------------------

To explore the involvement of IL-6 in gastric carcinogenesis, we performed an immunohistochemical analysis of IL-6 in 5 cases of *Helicobacter pylori*--negative healthy control, 5 cases of *Helicobacter pylori*--positive gastritis, 5 cases of gastric adenoma, and 31 cases of gastric cancer. None of gastric adenoma, gastritis, or healthy controls was positively stained for IL-6 in the epithelial cells. In 35.5% of gastric cancer cases, the tumor cells were positively stained for IL-6 expression ([Fig. 1A](#pone-0060914-g001){ref-type="fig"}). In contrast, the stroma was positively stained for IL-6 expression in none of healthy controls ([Fig. 1A](#pone-0060914-g001){ref-type="fig"}), 40% of gastritis cases, 20% of gastric adenoma, and 74.2% of gastric cancer cases ([Fig. 1C](#pone-0060914-g001){ref-type="fig"}). We also compared the IL-6 expression levels in gastric cancer tissues from 21 patients with those in *Helicobacter pylori*--negative normal gastric mucosa tissue samples from 6 healthy individuals by ELISA analysis ([Fig. 1B](#pone-0060914-g001){ref-type="fig"}). Of the 21 gastric cancer cases examined, 19 (86%) expressed IL-6 (4.9--220 pg/mg protein), whereas no normal gastric mucosa sample expressed a detectable level of IL-6.

![Interleukin-6 (IL-6) expression in gastric cancer tissues.\
(A) Representative pictures of immunohistochemical analyses of IL-6 in gastric cancer and *Helicobacter pylori*--negative healthy control (original magnification, ×200). (B) Enzyme-linked immunosorbent assay analysis of IL-6 expression in human gastric cancer tissues and normal gastric mucosa. (C) Representative pictures of immunohistochemical analyses of IL-6, α-smooth muscle actin (αSMA), CD11b, and CD68 in *Helicobacter pylori*--positive gastritis, gastric adenoma, and gastric cancer (original magnification, ×200). (D) Representative double staining of IL-6 (red) and αSMA (green) in human gastric cancer tissue (original magnification, ×200). (E) Representative double staining of IL-6 (red) and CD68 (green) in human gastric cancer tissue (original magnification, ×200).](pone.0060914.g001){#pone-0060914-g001}

Well-differentiated adenocarcinomas tended to express IL-6 in the stroma, whereas poorly differentiated adenocarcinomas and signet ring cell carcinomas were often positively stained in the tumor cells, although this tendency was not statistically significant ([Table 1](#pone-0060914-t001){ref-type="table"}).

10.1371/journal.pone.0060914.t001

###### Rate of interleukin-6 positive staining by degree of tumor differentiation.

![](pone.0060914.t001){#pone-0060914-t001-1}

                                  Well/Mod(n = 17)   Por/Sig(n = 14)   Total (n = 31)
  ------------------------------ ------------------ ----------------- ----------------
  IL-6 positive in fibroblasts       14 (82.4%)         9 (64.3%)        23 (74.2%)
  IL-6 positive in tumor cells       5 (29.4%)          6 (42.9%)        11 (35.5%)

Well/Mod, well or moderately differentiated adenocarcinoma. Por/Sig, poorly differentiated adenocarcinoma or signet ring cell carcinoma.

Because of their spindle-shaped morphology, we hypothesized that the IL-6--positive cells in the stroma were fibroblasts. By performing immunostaining of αSMA ([Fig. 1C](#pone-0060914-g001){ref-type="fig"}) and double immunofluorescent staining of IL-6 and αSMA ([Fig. 1D](#pone-0060914-g001){ref-type="fig"}), we demonstrated that many IL-6--positive cells in the stroma were also αSMA-positive. This result suggests that stromal fibroblasts express IL-6.

To examine whether other immune cells such as myeloid--derived suppressor cells (MDSCs) and macrophages were also IL-6--positive cell population in the gastric tumor stroma, we performed an immunohistochemical analysis of CD11b and CD68 in the same samples ([Fig. 1C](#pone-0060914-g001){ref-type="fig"}). Although specific markers for human MDSCs are not well established, we used CD11b as a putative marker for MDSCs [@pone.0060914-Montero1]. The results demonstrated that CD11b positive cells are scarce in human gastric tissues and that the morphology and distribution of CD68--positive macrophages differed from those of IL-6--positive cells. Immunofluorescent double staining of IL-6 and CD68 ([Fig. 1E](#pone-0060914-g001){ref-type="fig"}) demonstrated that only a small fraction of the IL-6--positive cells were also CD68-positive.

These results suggest that IL-6 is produced in the stroma of many gastric cancers and that fibroblasts are the major source of stromal IL-6.

IL-6 Deficiency Attenuates MNU-induced Gastric Tumorigenesis in Mice {#s3b}
--------------------------------------------------------------------

To examine the role of IL-6 in gastric tumorigenesis *in vivo*, we used a mouse model of gastric tumorigenesis induced by the chemical carcinogen MNU. A representative tumor in a WT mouse is shown in [Fig. 2A](#pone-0060914-g002){ref-type="fig"}.

![Interleukin-6 (IL-6) deficiency attenuated N-methyl-N-nitrosourea (MNU)-induced gastric tumorigenesis in mice.\
(A) Representative images of hematoxylin & eosin (H&E) staining of MNU-induced gastric tumors from wild-type (WT) mice \[original magnification, ×40 (left), ×200 (right)\]. (B) Tumor incidence rates, numbers of tumors, and maximal diameters of tumors. Values represent the means (± standard deviation) for WT (*n*  = 14) and IL-6^−/−^ (*n*  = 16) mice. \**P*\<0.05 compared with WT mice. (C) Representative images of IL-6 (left) and α-smooth muscle actin (right) staining in a gastric tumor from a WT mouse (original magnification, ×200).](pone.0060914.g002){#pone-0060914-g002}

All WT mice, but only 9/16 (56%) IL-6^−/−^ mice, developed gastric tumors ([Fig. 2B](#pone-0060914-g002){ref-type="fig"}). The number of detectable tumors and maximal tumor diameters were also significantly smaller in IL-6^−/−^ mice ([Fig. 2B](#pone-0060914-g002){ref-type="fig"}). These results suggest that IL-6 promotes gastric tumorigenesis.

Next, to test whether stromal fibroblasts expressed IL-6 in this model, we performed an immunohistochemical analysis of IL-6 and αSMA in the mouse gastric tumors ([Fig. 2C](#pone-0060914-g002){ref-type="fig"}). The localizations of IL-6 and αSMA in many of the same cells were similar to those seen in human gastric cancers, suggesting that stromal fibroblasts expressed IL-6 in the MNU-induced tumorigenesis mouse model.

IL-6 Promotes Gastric Tumorigenesis and Tumor Growth through STAT3 Activation {#s3c}
-----------------------------------------------------------------------------

Next, we compared the phosphorylation activation of STAT3, an important downstream mediator of IL-6 signaling, in stomachs from MNU-treated WT and IL-6^−/−^ mice. Immunoblot analysis revealed that the phosphorylation of STAT3 was stronger in the stomachs of MNU-treated WT mice than in those of untreated control WT mice. However, this STAT3 activation was not observed in tumor or non-tumor tissues from MNU-induced IL-6^−/−^ mice ([Fig. 3A](#pone-0060914-g003){ref-type="fig"}). Similarly, immunoreactivity for phosphorylated STAT3 was stronger in stomach tissues from MNU-treated WT mice than in those from MNU-treated IL-6^−/−^ mice ([Fig. 3B](#pone-0060914-g003){ref-type="fig"}). These results suggest that IL-6 is important for the activation of STAT3 in gastric tumorigenesis.

![Interleukin-6 (IL-6) promoted gastric tumor development through STAT3 activation.\
(A) Immunoblot analysis of phosphorylated and total STAT3 in non-tumor tissues and tumors from wild-type (WT) and IL-6^−/−^ mice in the N-methyl-N-nitrosourea (MNU)-induced gastric tumorigenesis model. (B) Immunohistochemical analysis of phosphorylated STAT3 in WT (left) and IL-6^−/−^ (right) mice in the MNU-induced gastric tumorigenesis model. (C) Immunohistochemical analysis of phosphorylated STAT3 in *Helicobacter pylori*--negative healthy control, *Helicobacter pylori*--positive gastritis, gastric adenoma, and gastric cancer (original magnification, ×200). (D) Immunoblot analysis of phosphorylated and total STAT3 in SH101 and AGS cells treated with pyridone 6 (P6; 1 µM) for the indicated times. (E) SH101 and AGS cells were cultured with or without P6 (1 µM), and cell numbers were determined at the indicated times. Data are plotted as means (± standard deviations). \**P*\<0.05 compared with cells without P6. (F) qRT-PCR for the indicated genes in gastric cancer cell line NUGC4 when co-cultured with fibroblasts with or without neutralizing anti-IL-6 receptor antibody (MRA). \**P*\<0.05 compared with co-culture without MRA. (G) Immunohistochemical analysis of CD44 in stomach tissues of WT and IL-6−/− mice in chemically-induced gastric tumorigenesis model. (original magnification, ×200).](pone.0060914.g003){#pone-0060914-g003}

We also performed an immunohistochemical analysis of phosphorylated STAT3 in 5 cases of *Helicobacter pylori*--negative healthy control, 5 cases of *Helicobacter pylori*--positive gastritis, 5 cases of gastric adenoma, and 5 cases of gastric cancer. While none of healthy controls was positively stained with phosphorylated STAT3, all cases of gastritis, gastric adenoma, gastric cancer, was positively stained for phosphorylated STAT3 in the epithelial cells ([Fig. 3C](#pone-0060914-g003){ref-type="fig"}). In human samples, not all of the phosphorylated STAT3 positive cases were IL-6 positive, indicating that pathways other than IL-6--STAT3 pathway are involved in some cases.

Next, we analyzed the significance of STAT3 activation in gastric cancer cells. Gastric cancer cell lines SH101 and AGS were cultured with or without the JAK inhibitor P6 [@pone.0060914-Pedranzini1]. P6 treatment inhibited constitutive STAT3 phosphorylation in SH101 and AGS cells ([Fig. 3D](#pone-0060914-g003){ref-type="fig"}). Cell proliferation was significantly inhibited by P6 ([Fig. 3E](#pone-0060914-g003){ref-type="fig"}), indicating that STAT3 activation in gastric cancer cells is involved in cell proliferation.

To analyze further how fibroblasts promote tumor progression through IL-6 signaling, we examined the expression of STAT3--related genes by qRT-PCR in gastric cancer cell line NUGC4 when co-cultured with fibroblasts with or without neutralizing anti-IL-6 receptor antibody (MRA). Among the 12 genes examined, SOCS3, COX2, and iNOS were induced in gastric cancer cells when co-cultured with fibroblasts ([Fig. 3F](#pone-0060914-g003){ref-type="fig"}). MRA attenuated this response, indicating that IL-6--STAT3 pathway is involved in the interaction between gastric cancer cells and fibroblasts. Since both COX2 and iNOS have been reported to be involved in gastric cancer promotion [@pone.0060914-Chen1], induction of these genes can be one mechanism of tumor promotion by fibroblasts. The genes that were not significantly changed in response to fibroblasts include MCL1, BCL2, survivin, MMP7, SOCS1, MYC, IL-6, IL-8, and IL-11.

IL-6 Affects Stem Cell Compartment in Gastric Tumorigenesis Model {#s3d}
-----------------------------------------------------------------

Next, to examine if IL-6 affects stem cell compartment in gastric tumorigenesis, we performed immunohistochemical analysis of CD44, which has been proposed to be a stem cell marker in gastric tumorigenesis [@pone.0060914-Takaishi1], in non-tumor part of stomach obtained from WT and IL-6−/− mice 40 weeks after starting MNU administration. We found that the expression level of CD44 in WT mice was significantly higher than in IL-6−/− mice ([Fig. 3G](#pone-0060914-g003){ref-type="fig"}). This result suggest that the effect of IL-6 on stem cell compartment could be one of the mechanism by which IL-6 promotes gastric tumorigenesis.

Gastric Cancer Cells Stimulate Gastric Fibroblasts to Produce IL-6 {#s3e}
------------------------------------------------------------------

To examine the mechanisms of IL-6 production by fibroblasts, we used ELISA analysis to measure IL-6 produced in normal primary human gastric fibroblasts cultured *in vitro* in the presence or absence of conditioned media from cultured gastric cancer cells. The concentration of IL-6 in the supernatant of gastric fibroblasts under normal culture conditions was about 0.2 ng/mL. In contrast, the fibroblasts secreted 5--600 times more IL-6 when treated with cancer cell--conditioned media ([Fig. 4A](#pone-0060914-g004){ref-type="fig"}). The cancer cell--conditioned media alone did not explain the observed increase in IL-6 levels, because the IL-6 concentration was about 0.5 ng/mL in cancer cell--conditioned media from SH101 cells and undetectable in the other cell lines ([Fig. 4A](#pone-0060914-g004){ref-type="fig"}). These results demonstrate that the cancer cell--conditioned media stimulated IL-6 production in fibroblasts. Using qRT-PCR, we also examined the amount of IL-6 mRNA produced in fibroblasts that had been stimulated with SH101-conditioned media. The results showed that IL-6 mRNA was induced in fibroblasts when stimulated with cancer cell--conditioned media ([Fig. 4B](#pone-0060914-g004){ref-type="fig"}). These results demonstrate that the cancer cell--conditioned media stimulated IL-6 production in fibroblasts.

![Gastric fibroblasts produced interleukin-6 (IL-6) in response to gastric cancer cell--conditioned media.\
(A) IL-6 concentrations in the supernatants of fibroblasts (black bars) and in the indicated conditioned media (gray bars). Fibroblasts were cultured with the indicated cancer cell--conditioned media or standard media. St. Med, standard media. CM, conditioned media. Sup. of Fibroblasts, supernatants of fibroblasts cultured with indicated media. ND, not detected. (B) qRT-PCR analysis of IL-6 expression in fibroblasts treated with conditioned media from SH101 cells. \**P*\<0.05 compared with standard media. (C) Immunoblot analysis of the indicated proteins from the fibroblasts treated with SH101 cell--conditioned media for the indicated times. (D) IL-6 concentrations in the supernatants of fibroblasts treated with the indicated cancer cell--conditioned media with or without IL-1 receptor antagonist (100 ng/mL) or anti--tumor necrosis factor (TNF)α neutralizing antibody (100 µg/mL). \**P*\<0.05 compared with conditioned media alone. (E) qRT-PCR (left) and enzyme-linked immunosorbent assay (right) for IL-1α in fibroblasts treated with the indicated cancer cell--conditioned media. \**P*\<0.05 compared with standard media. (F) IL-6 concentrations in the supernatants of control or IL-1α siRNA transfected fibroblasts treated with the cancer cell--conditioned media. \**P*\<0.05. (G) Immunohistochemical analysis of phosph-IκBα in stromal--IL-6 positive gastric cancer and *Helicobacter pylori*--negative healthy control (original magnification, ×200).](pone.0060914.g004){#pone-0060914-g004}

To elucidate the mechanism by which cancer cells activate fibroblasts, we examined the signal transduction pathways associated with IL-6 expression by immunoblot analysis ([Fig. 4C](#pone-0060914-g004){ref-type="fig"}). Phosphorylation and degradation of IκBα, as well as phosphorylation of JNK, p38, and extracellular receptor kinase (ERK), were observed after incubation for 5--60 min in cancer cell--conditioned media.

TNF receptors and IL-1 receptor are known to be important in the simultaneous activation of IκBα, JNK, and p38. To explore the involvement of TNF and IL-1, we added anti-TNFα neutralizing antibody and IL-1RA to the cancer cell--conditioned media prior to fibroblast stimulation. IL-6 secretion from fibroblasts stimulated with conditioned media from three different gastric cancer cell lines was significantly suppressed by IL-1RA but not by anti-TNFα ([Fig. 4D](#pone-0060914-g004){ref-type="fig"}), suggesting the involvement of IL-1 in the mechanisms of IL-6 secretion from fibroblasts stimulated by cancer cells.

To determine whether gastric cancer cells secreted IL-1α or IL-1β to activate fibroblasts, we measured the concentrations of IL-1α and IL-1β in cancer cell--conditioned media. However, neither IL-1α nor IL-1β was detected in the supernatants of NUGC4, MKN45, MKN74, AGS, or TMK1 cells. Only a small amount of IL-1α (10 pg/mL) was detected in the SH101-conditioned media. These data indicate that the mechanism of fibroblast suppression by IL-1RA is independent of IL-1 secretion by cancer cells.

Next, we considered the possibility that IL-1α or IL-1β stimulated fibroblasts in an autocrine fashion. However, neither IL-1α nor IL-1β was detected in the supernatants of gastric fibroblasts under normal conditions or when incubated with cancer cell--conditioned media.

IL-1α is known to be active mainly in its cell-associated forms, whereas IL-1β is solely active as a secreted product [@pone.0060914-Dinarello1]. To examine whether cell-associated IL-1α of fibroblasts was involved in IL-6 upregulation, we measured the expression levels of IL-1α in fibroblast lysates by qRT-PCR and ELISA. The results showed that mRNA expression and IL-1α production were induced in fibroblasts when treated with cancer cell--conditioned media ([Fig. 4E](#pone-0060914-g004){ref-type="fig"}). Interestingly, the expression of IL-1α mRNA in fibroblasts by various cancer cell--conditioned media was comparable with IL-6 production by the same conditioned media ([Fig. 4A](#pone-0060914-g004){ref-type="fig"}). We also showed that siRNA inhibition of IL-1α in the fibroblasts significantly attenuated IL-6 production in response to the treatment with SH101--conditioned media ([Fig. 4F](#pone-0060914-g004){ref-type="fig"}). These data imply that cell-associated IL-1α is involved in the mechanisms of IL-6 production by fibroblasts.

Since IL-6 is a known target gene of NFκB signaling, we examined if tumor enhancement mediated by IL-6 positive fibroblasts is NFκB dependent. Immunostaining of phopho-IκBα in stromal IL-6--positive gastric cancer tissues showed that NFκB is activated both in tumor cells and in stromal cells ([Fig. 4G](#pone-0060914-g004){ref-type="fig"}).

Discussion {#s4}
==========

In this study, we demonstrated that IL-6 plays an important role in the epithelial--stromal interaction in gastric tumorigenesis. We showed that stromal fibroblasts were the major source of IL-6, both in human gastric cancers and in chemically induced mouse gastric tumors. We also revealed that cancer cells affect IL-6 production from stromal fibroblasts through IL-1 signaling and that IL-6 is important for tumor growth through STAT3 activation ([Fig. 5](#pone-0060914-g005){ref-type="fig"}).

![The proposed model of interaction between fibroblasts and tumor cells in gastric tumorigenesis.](pone.0060914.g005){#pone-0060914-g005}

To our knowledge, this is the first report that focuses on the importance of IL-6 in gastric stromal fibroblasts. Previous studies of IL-6 in gastric cancer have examined only IL-6 expression in tumor cells or IL-6 levels in the serum of patients with gastric cancer [@pone.0060914-Huang1], [@pone.0060914-Liao1], [@pone.0060914-Ashizawa1]. Using mouse models of inflammation-induced gastric cancer, Quante et al. recently reported that CAFs could be derived from bone marrow mesenchymal stem cells [@pone.0060914-Quante1]. The authors also revealed that stromal cell-derived factor (SDF)-1 and transforming growth factor (TGF)-β activated fibroblasts to express various cytokines, including IL-6. Our data suggest the involvement of IL-1 in fibroblast activation, which may be related to the marked accumulation of αSMA-positive fibroblasts demonstrated in the stomachs of IL-1β transgenic mice in their study [@pone.0060914-Quante1].

The finding that IL-1 is involved in the activation of fibroblasts is compatible with other previous reports, such as a mouse skin carcinogenesis model in which immune cells were found to secrete IL-1β to activate fibroblasts [@pone.0060914-Erez1], and *in vitro* analyses of senescent cells that have demonstrated that cell-surface bound IL-1α is an upstream regulator of IL-6 expression [@pone.0060914-Orjalo1]. Previously, we reported that NFκB activity in gastric epithelial cells promoted proliferation and anti-apoptotic signaling via IL-1 [@pone.0060914-Sakamoto1]. In the current study, we revealed that IL-1 as well as NFκB activity in stromal fibroblasts promoted gastric tumorigenesis as a mediator of epithelial--stromal interaction. Because IL-1 is involved in a variety of mechanisms to enhance gastric tumorigenesis, it is an attractive therapeutic target for gastric cancer.

Although most experimental studies of CAFs have highlighted their functions in cancer promotion and progression, such as angiogenesis and invasion, we speculated that stromal fibroblasts might promote gastric tumorigenesis from an earlier stage. In our mouse model, MNU-induced gastric tumors were not invasive cancers, but were dysplasias or intramucosal cancers [@pone.0060914-Sakamoto1]. Immunohistochemical analysis of IL-6 in human samples indicated that IL-6 was expressed in the stroma of some cases of gastritis and adenoma. Thus, it is probable that IL-6 derived from stromal fibroblasts promotes tumorigenesis from an early stage of the gastric tumor. This notion is consistent with the model of Erez et al., in which CAFs were activated in the initial hyperplastic stage of multistep skin tumorigenesis [@pone.0060914-Erez1].

The degree of stromal fibroblast contribution to tumorigenesis may differ according to the degree of tumor differentiation. As shown in [Table 1](#pone-0060914-t001){ref-type="table"}, well-differentiated adenocarcinomas tend to express IL-6 in stromal fibroblasts. Lee et al. also reported that the histological differentiation of adenocarcinomas was related to IL-6 expression in epithelial cells, although they did not analyze stromal IL-6 [@pone.0060914-Lee1].

IL-6-- and IL-1--targeted therapies have been used clinically to treat various diseases, such as rheumatoid arthritis [@pone.0060914-Sebba1], [@pone.0060914-Fleischmann1] and Castleman's disease [@pone.0060914-Nishimoto1]. These therapies may have additional clinical applications in the treatment of gastric cancer. Based on our results, future IL-6-- and IL-1--targeted therapies might be expected to exert their action not only on gastric tumor cells, but also on stromal fibroblasts.

To date, suggested mechanisms of tumor promotion by IL-6-STAT3 pathway include support of cell survival, enhancement of migration and invasion, and elevation in angiogenic phenotype [@pone.0060914-Kanda1], [@pone.0060914-Okamoto1], [@pone.0060914-Gong1]. In *in vitro* co-culture experiment, we found that iNOS and COX-2, which were reported to be involved in gastric cancer promotion, were induced in gastric cancer cells through interaction with fibroblasts in IL-6-STAT3-pathway dependent manner. This result suggests those genes as IL-6-STAT3-pathway related effecters in tumor promotion.

In a string of studies using gp130 mutant mouse model of gastric cancer, the importance of IL-11 was highlighted and IL-6 is reported to be relatively unimportant [@pone.0060914-Ernst1], [@pone.0060914-Howlett1], [@pone.0060914-Howlett2]. The inconsistency between these reports and our results may be explained by the difference of the experimental model. In gp130 mutant mice, constitutively active STAT3 and IL-11 constitute a positive feedback loop, which is the main mechanism of gastric tumorigenesis. In this model, IL-6 may compete with IL-11 for the same receptor gp130 and interfere in the positive feedback loop. In chemically-induced gastric tumorigenesis model, pathways other than IL-11-STAT3 pathway, including JNK and NFκB pathways, also contribute to gastric tumorigenesis [@pone.0060914-Sakamoto1], [@pone.0060914-Shibata1]. IL-6-STAT3 pathway can contribute to tumor promotion under these conditions.

Effects on cancer stem cell compartment may be one of the mechanisms of tumor promotion through IL-6. Recent study showed that IL-6 had the ability to induce CD44 positive cancer stem cells in breast cancer oncogenesis model [@pone.0060914-Iliopoulos2]. Other group reported that CD44 was a good marker of gastric cancer stem cell [@pone.0060914-Takaishi1]. In the present study, we showed that IL-6 deficiency attenuated the expression of CD44 in *in vivo* gastric tumorigenesis model, suggesting the relationship among IL-6, CD44, and cancer stem cells.

We found that gastric cancer cell--conditioned media stimulated fibroblasts to produce IL-6, but we did not identify the specific molecules in the media responsible for this stimulation. In a mouse model of spontaneous gastric tumorigenesis induced by the simultaneous activation of prostaglandin E2 and Wnt signaling, gastric fibroblasts required stimulation by tumor cells to express angiogenic factors, although the specific molecules secreted by tumor cells were not identified [@pone.0060914-Guo1]. TGF-β, which is known to mediate the transition of normal fibroblasts into CAFs [@pone.0060914-Kalluri1], might be a major candidate because TGF-β from scirrhous gastric cancer cells activates fibroblasts and promotes collagen synthesis of fibroblasts [@pone.0060914-Mahara1]. However, in our study, TGF-β treatment did not affect IL-6 production by gastric fibroblasts (data not shown). Thus, further investigation of this issue is required to identify a new therapeutic strategy.

In summary, gastric stromal fibroblasts produced IL-6 in response to stimulation from tumor cells through IL-1 signaling in gastric tumorigenesis, and that secreted IL-6 promotes tumor growth through STAT3 activation.
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